With the ever-increasing road mileages worldwide, the focus of pavement construction has been shifted from new pavement to pavement maintenance and rehabilitation. A big challenge faced by achieving pavement construction sustainability is the huge consumption of capital, energy and non-renewable materials. In this study, an integrated eco-efficiency analysis (EEA) framework was developed and applied to compare two common asphalt pavement rehabilitation methods: hot-in-place recycling (HIRP) and milling-and-filling (M&F), for a real project. It was found that HIPR saved 5% cost and reduced 16% overall environmental impacts than M&F, while M&F saved 7% energy consumption than HIPR. The portfolio positions of HIPR and M&F provided by the EEA clearly indicate that HIPR is more eco-efficient than M&F for the studied project.
INTRODUCTION
Nowadays, the importance of sustainability has been broadly recognized by the public agencies and private contractors in developing infrastructure system, especially transportation network. The consumption of energy, the pollutant emission to the environment and the distortion to the ecological balance caused by transportation maintenance are critical influences to the sustainable development with the focus moving from highway construction to maintenance, where the asphalt pavement maintenance accounts for a great proportion.
Currently, asphalt pavements are the major type of pavements in most countries around the world. It is estimated that more than 90 percent of the paved roads and highways are surfaced with asphalt in the U.S., Europe, Mexico, Canada and China (Zhou, 2012) . The environmental and monetary impacts directly resulting from the highway maintenance have been a challenge to a great number of countries. Globally, an annual investment of construction and maintenance of pavements is over $400 billion (IRF, 2010) . In China, 50 million tons of rocks are consumed for highway maintenance currently, and the total carbon dioxide emission resulted from road maintenance is approximately 1.1 million tons annually (Zhou, 2012) . In the U.S., 320 million tons of raw materials were used in the rehabilitation and maintenance of pavements in 4.2km paved public roads (Wang, 2014) . Therefore, timely pavement rehabilitation with appropriate technologies is critically important not only in terms of the economics but also the environment impact, especially for asphalt pavements, which are very crucial to the eco-efficient performance of the overall pavement maintenance work.
Conventionally, the Milling and Filling (M&F) method has been commonly applied to rehabilitate deteriorated asphalt pavements. M&F creates a smooth ride by deploying handheld breakers and cold milling machines to break up and remove damaged pavement materials, followed by laying new bituminous materials and then compaction. Recently, a new method, namely hot in-place recycling (HIPR), has emerged and gained growing interests among engineers and researchers. HIPR resurfaces the deteriorated pavement by first heating and scarifying the existing surface, followed by adding virgin bituminous materials and rejuvenator, and then mixing and compaction.
Compared to M&F, HIPR has the advantage of eliminating the trucking and handling of the recycled HMA by performing the complete process in one pass (Caltrans Division of Maintenance, 2008) . However, the environmental impacts and economic performance of these two rehabilitation techniques have not been well studied yet, which make the decision-makers difficult to choose between the two techniques. Correspondingly, this study aims to quantify and compare the cost-effective and environment-friendly features of the two rehabilitation techniques through an emerging sustainability assessment method named eco-efficiency analysis (EEA). To achieve this objective, the eco-efficiency frameworks for HIPR and M&F was first developed. Then, the developed EEA frameworks were implemented in a case study to compare the sustainabilities of HIPR and M&F.
ECO-EFFICIENCY ANALYSIS FRAMEWORK
Eco-Efficiency Analysis (EEA) was initially developed by the German chemicals company BASF to evaluate the ecological impact and economic performance of the competing products, processes, or services, and identify the best alternative based on a combination of Life Cycle Assessment (LCA) and Life Cycle Cost Analysis (LCCA). The eco-efficiency is defined as the ratio of economic creation to ecological destruction (Saling et al., 2002) .
System Boundary
For any EEA, the first step is to define the system boundary for analysis. According to FHWA (2014) , the life cycle of the pavement resurfacing work generally includes six phases: 1) material extraction and production, 2) construction, 3) transportation, 4) Work-zone traffic management, 5) usage, and 6) End-of-life. Correspondingly, the environmental impacts (raw material consumption, energy consumption, emissions, risk potential and toxicity potential) and costs (agency costs and user costs) of these five phases were considered in EEA. The general procedure for EEA is illustrated in FIG. 1. 
Integrated Assessment and Evaluation

Normalization and Weighting
The BASF EEA method combines the ecological parameters and ultimately plotted as a single point in a coordinate system. Besides, the EEA provides only comparative information instead of absolute values (Saling & Kicherer et al. 2002) .
The first step in compressing environmental and costs data is normalization. The least favorable alternative is awarded a value of 1 and all the other alternatives are set in relation to that. The next step is to combine the normalized values via a weighting scheme to form a total value for the emissions using the overall weighting factors shown in FIG. 2 (Saling & Kicherer et al. 2002) . 
Eco-efficiency Portfolio Position
The Environmental Impact (EI) and the Normalization Factor for the Costs (NF C ) are used to calculate the portfolio position according to Eqs. (1) and (2). (Kicherer et al., 2007) .
(1)
Where, ܲܲ, = Environmental impact portfolio position for product α ܲܲ,= Cost impact portfolio position for product α ‫=ܽܫܧ‬ Environmental impact of product α ‫ܨܰ‬ ,ఈ = Normalization factor for the costs of product system α = Number of products under consideration From an eco-efficiency point of view, the most favorable products are located in the upper-right corner whereas the least favorable will be lower on the left side in the eco-efficiency portfolio plot in FIG. 1. 
CASE STUDY Case Information
The case investigated in this study is the project to rehabilitate the Yingbin Avenue, which is a two-way six-lane road section connecting the Wen Lin road and the Xianyang International Airport in Shanxi province. The total length and area for rehabilitation are 3.8km and 87,400m 
External Data Acquisition
Environmental Impact Data
Before inclusion in the EEA impact category, each data source was disaggregated to the process level; then these processes were recalculated based on certain conditions and specifications. Among the five life cycle phases recommended by FHWA (2014), the impacts in the usage phase was not considered in this case due to the real data limitation, and the two rehabilitation methods were assumed to have the same impact in this phase. The computation tools employed by each LCA phase are listed in Table 1 .
The material production phase includes the extraction and initial processing of aggregates, asphalt, and cement (Wang et al., 2012) . In this case, the raw material acquisition processes within this phase include the asphalt refinery and stone mining. A material environmental impact model.
The transportation phase includes the transport of raw materials from and to the plant (40km), the transport of manufactured materials from and to the construction site (0.5km), and the transport of milled asphalt mixture to the scrap yard (15km). The environmental impacts resulting from the raw materials and mixture transportation are due to process emissions released by the transportation vehicles.
For the construction phase, the first step is to simulate the construction schedule and equipment activities. The durations of construction and maintenances activities were estimated according to the project report and standard JTG-D50-2006.
Finally, when a road pavement reaches its service life, it can remain in place serving as support for a new pavement structure or be removed. By adopting a "cut-off" allocation method, no environmental impacts were assigned to the end of life phase of all M&R scenarios in comparison in the current pavement system. 
US EPA
End of life phase "Cut-off" allocation method
Cost Data
The life-cycle cost is the sum of agency and user costs over all the lifecycle phases. Analogously, the cost figures related to the project is in the same system boundaries as that of LCA, while focusing on its monetary impacts (Rebitzer, 2002) . Due to data availability, the agency costs in this study only consider the costs of main construction processes of the two rehabilitation methods and energy consumption costs, but under the same conditions, the results are relative normalized values, which can eliminate some error caused by the absolute values. For user cost, the traffic delay costs are estimated according to a FHWA's LCCA software, which is under the assumption that the AADT was about 15,000 and the speed limit was reduced from 90km/h to a work zone speed (60km/h). Table 2 shows that the normalized results of environmental impacts and cost performances of the two rehabilitation alternatives. Based on the environmental impacts presented in Table 2 , the spider diagrams for the environmental fingerprints of the two rehabilitation methods can be further plotted as shown in FIG. 3 . From FIG. 3 , it can be seen that HIPR reduces 28% air emission and saves 48% raw material than conventional M&F, while M&F saves 7% energy than HIPR mainly due to the additional heating energy required by HIPR in the construction phase. The toxicity potential and risk potential are set to be the same for both techniques, resulting in the same normalized value of 1 for both.
Results and Discussion
In the monetary aspect, 29% agency cost was saved by HIPR compared with M&F, since M&F requires higher raw material and transportation cost. The user costs for both are almost same for the same road closure method and traffic flow assumption.
Overall, as shown in Table 2 , HIPR can reduce approximately 16% environmental impacts and save 5% costs than those of M&F. Based on the value of PP E and PP C in Table 2 , the final eco-efficiency portfolio was obtained as shown in FIG. 3 . It is clear that HIPR has higher eco-efficiency than M&F in this case. 
CONCLUSIONS
This study proposed an EEA framework for asphalt pavement rehabilitation and applied it to compare two rehabilitation alternatives: HIPR and M&F, for a real project. The following points summarize the main findings of this study:
EEA shows its high potential as an effective sustainability assessment tool for comparing asphalt pavement rehabilitation alternatives. For the rehabilitation case presented in this study, on account of the same performance of service life, HIPR is more favorable in terms of eco-efficiency, because it is located in the upper right corner in the eco-efficiency portfolio plot, while M&F is in the lower left corner. In general, time period, region, system boundaries, transportation distance, crude source distribution, and treatment of refinery allocation will all affect the final eco-efficiency result. Based on the findings of this study, further research is recommended on the sensitivity analysis of the effects of various factors to obtain more general results. In addition, more efforts can be spent on characterizing the toxicity potential and risk potential of the two rehabilitation techniques.
